Cell membrane proteins are involved in a variety of biochemical pathways and therefore constitute important targets for therapy and development of new drugs. Bioanalytical platforms and binding assays using these membrane protein receptors for drug screening or diagnostic require the construction of wellcharacterized liposome and lipid bilayer arrays that act as support to prevent protein denaturation during biochip processing. Quantification of the protein receptors in the lipid membrane arrays is a key issue in order to produce reproducible and well-characterized chips. Herein, we report a novel immunochemical analytical approach for the quantification of membrane proteins (i.e., G-protein-coupled receptor, GPCR) in nanovesicles (NVs). The procedure allows direct determination of tagged receptors (i.e., c-myc tag) without any previous protein purification or extraction steps. The immunochemical method is based on a microplate ELISA format and quantifies this tag on proteins embedded in NVs with detectability in the picomolar range, using protein bioconjugates as reference standards. The applicability of the method is demonstrated through the quantification of the c-myc-olfactory receptor (OR, c-myc-OR1740) in the cell membrane NVs. The reported method opens the possibility to develop well-characterized drug-screening platforms based on G-coupled proteins embedded on membranes.
Introduction
G-protein-coupled receptors (GPCRs) are a large family of seven-transmembrane domain proteins involved in cell-response pathways to a variety of external signals and important ligands, such as hormones, neurotransmitters, and inflammatory mediators [1, 2, 3, 4] . In fact, GPCRs are targeted by approximately 60% of all therapeutic drugs [5] . Therefore, technology platforms (i.e., bioassay and biosensor microarrays) for drug screening based on the use of these receptors would improve the efficiency of the biosensor arrays. For this reason, we have focused on developing a straightforward method for detecting and quantifying taggedmembrane proteins or receptors such as c-myc-GPCRs in the form of lipidic NVs. The tag peptide can be fused to either the N-or the C-terminus of the protein of interest without changing the tertiary structure [24] or biological activity of the protein [25] . Although other techniques such as fluorescence polarization [26] have been used to quantify c-myc fused proteins, such approaches allow the quantification of only c-myc-protein concentration and not the number of c-myc-protein molecules per NV. To the best of our knowledge, this is the first report that accurately quantifies c-myc-tagged-GPCRs directly in the form of lipidic NVs.
Material and methods

Chemicals and immunochemicals
Biochemical reagents such as c-myc peptide (EQKLISEEDL) were purchased from Sigma Chemical Co. (St. Louis, MO). The commercial monoclonal anti-c-myc IgG1 9E10 antibody was supplied by Roche Diagnostics (Mannheim, Germany). N-succinimidyl 3-maleimidopropionate (M(CH 2 ) 2 CO) and N-succinimidyl iodoacetate (CH 2 CO) cross-linkers were synthesized in our laboratory as previously described [27, 28] . Two modified c-myc peptides (peptide EQKLISEEDL-Cys, named C 1 , and peptide Cys-EQKLISEEDL, named C 2 ) were synthesized as C-terminal amides using standard Fmoc solid-phase protocols by the Platform of Peptide Synthesis by CIBER-BBN Biomedicine Scientific Services (http://www.ciber-bbn. es). The two peptides were characterized using mass spectrometry. Purities were >94%, as assessed by HPLC (data not shown). These peptides were used as haptens for the preparation of bioconjugates and as analytes for the competitive assays. The corresponding bioconjugates were characterized by MALDI-TOF-MS. Information on the suppliers of the other chemical and biochemical reagents used, is provided in the Electronic Supplementary Information (ESI).
Buffers and solutions
Phosphate buffer saline (PBS, 10 mM) solution was prepared as a 0.8% saline solution at pH 7.5. The PBST buffer contained PBS with 0.05% Tween 20 and the potassium dihydrogen phosphate/disodium hydrogen phosphate (PBT, 10 mM) buffer was prepared at pH 7.5 with 0.05% Tween 20. The substrate solution contained 0.01% TMB (3,3 ,5,5 -tetramethylbenzidine) and 0.004% H 2 O 2 in citrate buffer. TMB acts as a hydrogen donor for the reduction of hydrogen peroxide to water by horseradish peroxidase (HRP), producing a diimine with a blue color ( = 650 nm). The addition of acid such as H 2 SO 4 changes the colour to yellow ( = 450 nm). More details about the general buffers/solutions are given in the ESI.
Equipment/Software
See the ESI.
Synthesis of peptide-bioconjugates
The two peptide haptens (C 1 , C 2 ) were covalently linked to keyhole limpet hemocyanin (KLH), bovine serum albumin (BSA), conalbumin (CONA), ovalbumin (OVA), horseradish peroxidase (HRP), and aminodextrane (AD) by means of N-succinimidyl 3-maleimidopropionate (M(CH 2 ) 2 CO) or N-succinimidyl iodoacetate (CH 2 CO) cross-linkers at different peptide:Lys (protein) molar ratios (for additional information on the complete procedure, see ESI) using procedures previously reported [27, 29] (Table 1) . Tables  1-S and 2 -S (ESI) provide additional information regarding the synthesized bioconjugates and the corresponding MALDI-TOF-MS recorded to obtain information on the number of attached peptide molecules. The bioconjugates were named a C b -Y-X, where a is the true hapten density (ı) calculated by MALDI-TOF-MS, C b the peptide (C 1 , C 2 ), Y the cross-linker (M(CH 2 ) 2 CO or CH 2 CO), and X the macrobiomolecule used.
Monoclonal antibody production
The anti-c-myc monoclonal antibody (stock solution: 1.44 mg mL −1 , IgG mAb) was produced by Abyntek Biopharma (Bizkaia, Spain) in Balb/c mice, using the C 2 peptide conjugated to KLH with a maleimido derivative cross-linker as immunogen. The fused cells (spleen B cells from the selected mice with SP2\0 mouse myeloma cell line) were screened by competitive ELISA (see procedure below). For this purpose, we measured the binding of the supernatants to x C 2 -CH 2 CO-CONA (where x corresponds to the bioconjugate synthesized at a ratio of 2:1:1, Tables Table 2 and 2-S) and 5 C 1 -M(CH 2 ) 2 CO-CONA (0.2 g mL −1 each) immobilized on the microtiter plates in the absence (zero concentration) or presence of the c-myc commercial peptide (ranging from 20 nM to 25 M). The selected clones were subcloned again and subsequent screenings were performed in the same conditions. After these subsequent screenings, three cell clones were selected to produce the antibodies named Ab894D12 d9d10 , Ab894D12 f7d12 , and Ab894D12 f7f9 (Tables 3-S and 4-S).
Preparation of the protein-receptor nanovesicle solutions
The human olfactory receptor c-myc-OR1740 (ORL520 in OrDB) and pJH2-somatostatin receptor subtype 2 (SSTR2), used as negative control, were expressed heterologously in Saccharomyces cerevisiae yeast cultures, as previously described [9] . The yeast cells were mechanically disrupted [19] and the cell content separated. The membrane fractions were obtained, divided in aliquots, and frozen at -80 • C (∼5 mg mL −1 , stock suspension). As a GPCR membrane receptor model, the fractions containing SSTR2 were used to evaluate the matrix effect of the immunochemical assay established for the quantification of c-myc-OR1740 integrated in the NVs. These NVs were produced and characterized as described in a recent publication by our group [30] . In brief, the characterization consisted in measuring: (i) total protein content (TPC) of NVs using the BCA Protein Assay; (ii) the average size of NVs through Dynamic Light Scattering and Cryo-EM; (iii) the concentration of NVs in the solutions (NV mL −1 ) ( Fig. 1-S) using Nanoparticle Tracking Analysis; and (iv) the zeta-potential of NVs in solution by using the Malvern Zetasizer instrument (Malvern Instruments, UK).
To perform the ELISA immunoassay, the stock suspensions of the membrane fractions were diluted to a TPC of 300 g mL −1 in PBT and sonicated for 20 min in ice-cold water to homogenize the NV size. The solution was further diluted in PBT to a TPC of 60 g mL −1 and passed through a sterile low protein-binding filter (Millipore, 13 mm diameter and 0.22 m pore size). Finally, working solutions were obtained by adding PBT buffer until the desired concentration of NVs was reached. The SSTR2 blank matrix solution refers to PBT solutions of the NVs carrying the SSTR2 receptor without the c-myc peptide. The blank matrix was used at different concentrations (ranging from 10 to 50 g mL −1 of TPC, or 1.47 × 10 10 − 7.33 × 10 10 NV mL −1 ) [30] in the distinct experiments. The c-myc-OR1740 NV solutions were consistently analyzed at the same TPC concentrations as the reference SSTR2 blank matrix.
For the Western blot assays, 1 L of the stock membrane suspension was loaded on each well of the gel (5 g per well), and the assays were performed following the procedure described by Minic et al. [9] (see ESI for more details). 
-Bioconjugate that could not be characterized with the MALDI-TOF-MS conditions used. a M(CH2)2CO or CH2CO refers to the spacers resulting from the bioconjugation reaction using N-succinimidyl 3-maleimidopropionate or N-succinimidyl iodoacetate as cross-linkers, respectively. b number of peptide residues bound to the protein according to MALDI-TOF-MS analysis. Additional information on the preparation and characterization of these conjugates can be found in the ESI.
c bioconjugate synthesized at different molecular concentration (Peptide:Crosslinker:Lys). Table 2 Immunoassay features achieved for c-myc and the protein bioconjugates. ). e CA 0.010 (g mL −1 ). f mAb dilution used was 1/4000. g mAb dilution used was 1/250000. h Unless otherwise indicated the cross-linker of the bioconjugates is M(CH2)2CO.
Table 3
Quantification of ORs per NV using the different protein bioconjugates as standard references a .
c-myc-OR1740 OR NV
[Vesicles] NV mL c ORs concentration per nanovesicle calculated as average of the measurements using the different bioconjugates as standards for each TPC (x0) and taking into consideration all measurements made at different TPC (x f ).
Competitive ELISAs
Appropriate concentrations of the immunoreagents were determined through checkerboard titration experiments. For this purpose, we measured the binding of serial dilutions of the antibodies (ranging from 9.76 × 10 −3 − 10 g mL −1 and undiluted in PBST, using 100 L per well) to the microtiter plates coated with different concentrations of the bioconjugates (7.81 × 10 −3 − 1 g mL −1 and undiluted in coating buffer, using 100 L per well), as previously described [31] . All washing steps consisted of four cycles of filling the wells with PBST (300 L) and immediately aspirating the solutions by vacuum with an automated microplate washer. Whenever NV samples or standards were measured, the microplates were agitated at 600 rpm during the competitive step.
Nanovesicle ELISA procedure
Microtiter plates were coated with the antigen ( 3 C 2 -CH 2 CO-OVA, 0.01 g mL −1 in coating buffer, 100 L per well) for 4 h at room temperature covered with adhesive sealers. Next, the plates were washed and solutions of the c-myc-OR1740 NV samples and/or the bioconjugate standards ( 4 C 1 -M(CH 2 ) 2 CO-CONA, 3 C 1 -M(CH 2 ) 2 CO-BSA, and 1 C 1 -M(CH 2 ) 2 CO-HRP, 1000-0.008 nM in PBT or in the SSTR2 NV matrix) were added (50 L per well), followed by the monoclonal antibody (Ab894D12 f7f9 , 1/250000 in PBT or in the SSTR2 NV matrix, 50 L per well). The mixture was incubated for 30 min at room temperature and the plates were then washed again with PBST. Subsequently, a solution of anti mouse-IgG-HRP (1/6000 in PBST, 100 L per well) was added and the plates were incubated for an additional 30 min and washed before adding the substrate solution (0.01% TMB and 0.004% H 2 O 2 in citrate buffer, 100 L per well). After 30 min at room temperature, the enzymatic reaction was stopped by adding 4N H 2 SO 4 (50 L per well) and absorbance was measured at 450 nm.
The standard curves were fitted to a four-parameter logistic equation according to the following formula:
where A stands for the maximal absorbance, B is the minimum absorbance, C represents the concentration producing 50% of the difference between the maximal and the minimal absorbance (also IC50), and D is the slope at the inflection point of the sigmoid curve. Unless stated otherwise, all data shown here correspond to the average of the three well replicates.
Quantification of olfactory receptors through the c-myc tag
The sample containing NVs carrying an unknown number of c-myc-tagged OR1740 was diluted at several TPC concentrations in PBT and measured using the ELISA procedure described above. In these experiments, the standard curves were built in SSTR2 blank matrices containing the same TPC as in the samples. The three bioconjugates ( 4 C 1 -M(CH 2 ) 2 CO-CONA, 3 C 1 -M(CH 2 ) 2 CO-BSA, and 1 C 1 -M(CH 2 ) 2 CO-HRP) were used as standard references taking into consideration the number of peptides linked to the macrobiomolecule, as calculated by MALDI-TOF-MS. By interpolating the immunochemical response of the NV solutions onto the calibration curves built with these standards, we were able to calculate the number of c-myc molecules in the solutions, and thus the number of c-myc-OR1740 receptors using the Avogadro number (Eqs.
(1) and (2)). Taking into consideration that each OR has only one c-myc tag and the concentration of NVs in solution, it was possible to obtain an estimate for the average number of c-myc-OR1740 among our NVs (Eq. (3)). Note that both c-myc-olfactory receptor orientations are possible after NV preparation but only those c-myc tags externally oriented in the NV were quantified.
At each NV concentration, the absorbance average was interpolated onto each of the three standard curves prepared with the c-myc-bioconjugates models. Considering the corresponding c-myc:bioconjugate molar ratio calculated by MALDI-TOF-MS (␦ MALDI ), we can directly correlate this concentration with the concentration of c-myc tag (Eq. (1)).
Since each olfactory receptor is fused to one single c-myc tag, it is possible to obtain the molarity of the olfactory receptors in the sample solution (Eq. (1)) and calculate the number of olfactory receptors per unit volume (Eq. (2)) considering the c-myc concentration average from the three model bioconjugates. The number of olfactory receptors per NV can be quantified from the correlation between the total amount of protein vs the number of NVs and olfactory receptors per mL (Fig. 1-S, Eq. (3) ).
where K m is a constant rate of 6.022 × 10 11 /m and m is 2.79 × 10 9 NV g −1 ( Fig. 1-S ) for c-myc-OR1740 NVs.
Results and discussion
The c-myc sequence (Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-AspLeu) is one of the most used peptide tags in protein expression. Here, we used c-myc-OR1740 as a model to study the GPCR family. The c-myc was attached through its -COOH terminal amino acid to the -NH 2 terminal amino acid of the protein, leaving the NH 2 terminus of the c-myc tag exposed to the external media on the prepared OR-NVs (Fig. 1) .
The determination of the average number of protein receptors per NV has always been challenging. In order to ensure reproducibility and potential biofunctionality of each NV batch, the total protein concentration (TPC) -rather than just the receptor -is typically used to estimate the amount of receptor in these preparations. Moreover, the expression of tagged recombinant proteins is a common strategy for surface immobilization (i.e., biosensing platforms [14, 15] ). However, the lack of information on the number of tag-GPCR molecules embedded in NVs is an important drawback, which is why we developed an immunochemical analytical method to quantify the receptor in NV cell membranes.
Bioconjugates, synthesis and characterization
Antibodies against c-myc were selected using two c-mycrelated hapten peptides as coating antigens (C 1 and C 2 , see Table 1 for peptide sequences), bearing an additional Cys residue for conjugation at the carboxy and the amino terminus, respectively (see below). The thiol group of the Cys was used as nucleophile for coupling the haptens to the crosslinkers. These peptides were then coupled to the macromolecules (KLH, BSA, CONA, OVA, HRP, and AD) [32] at different molar ratios (Tables 1, 1-S and 2-S). The KLH conjugates were used for antibody production, while the rest were used as immunoreagents for the assay development.
Two different crosslinkers were selected in order to avoid any recognition of the spacer arm from the obtained antibodies. The albumins BSA, CONA, and OVA were selected because they are common proteins and are widely used to prepare bioconjugates. HRP was chosen because of the low number of Lys residues available, allowing bioconjugation ratios close to the ideal (hapten:protein, 1:1). Finally, AD was selected because of its hydrophilic character, in order to minimize possible non-specific absorptions onto the lipidic NVs, and to increase the solubility of the bioconjugates in the NV matrices [32] . All the bioconjugates were characterized by MALDI-TOF-MS to determine the c-myc:protein ratio (Table 2-S) .
We prepared a large number of bioconjugates because we needed to obtain a good model that could mimic the behaviour of the c-myc-OR1740 NVs in the competitive assays. The strategy was based on the idea that bioconjugates should have affinity constants for the antibody, similar to the c-myc OR [33] .
Antibody, production and characterization
Balb/c mice were immunized with the KLH bioconjugates and splenocytes were fused to B cells to generate hybridomas. We performed screening assays to select the best B cell clones that produced high affinity monoclonal antibodies by measuring the binding of the antibody fraction in supernatants to the C 1 and C 2 bioconjugates immobilized on the microtiter plates. The objective was to select clones that are able to recognize most of the c-myc peptide structure in order to ensure satisfactory performance in the developed immunochemical assay (Tables 3-S and 4-S). C 1 bioconjugate perfectly mimics the orientation of cmyc on the c-myc-OR1740 receptor allowing the NH 2 terminus of the c-myc peptide to be exposed to the external media in a similar way as the c-myc-olfactory receptor. C 2 bioconjugates could also assist with the selection of clones, showing an equally high affinity against amino acids in the center of the c-myc tag sequence or the area close to the OR. The screening assays were performed in the presence (competitive conditions) and absence (non-competitive conditions) of the target analyte (c-myc), in order to mimic the conditions envisaged for the immunochemical assay (Fig. 2) . High antibody titers were obtained from mice immunized with the C 2 -KLH bioconjugate, isolating three antibody clones with acceptable features in terms of signal and detectability. In PBST, Ab894D12 f7f9 provided the best immunoassay features using 5 C 1 -M(CH 2 ) 2 CO-CONA as competitor (coating antigen) in an indirect ELISA format (Table 2 , Fig. 2A.I ). Fig. 3A shows the calibration curves obtained in this immunochemical system using two antibody sources (Ab894D12 f7f9 and Ab9E10). Calibration curves for ligand binding assays [34] such as a competitive ELISA (Fig. 3) are generally characterized by a non-linear relationship between the mean response and the analyte concentration, giving an absorbance response that decreases as the concentration of competitor analyte increases. The assay features obtained after fitting the curve to a four-parameter equation are shown in Table 2 .
The detectability using Ab894D12 f7f9 was two orders of magnitude greater than that reached with the Ab9E10 antibody obtained from commercial sources (IC50 values varied from ∼1000 nM to ∼10 nM in PBST buffer using Ab9E10 or Ab894D12 f7f9 , respectively). This difference was attributed to the particular immunizing hapten used. While the Ab894D12 f7f9 antibody was produced against the c-myc sequence (Cys-EQKLISEEDL), the commercial antibody 9E10 had a longer peptide sequence (AEEQKLISEEDLLRKRREQLKHKLEQLRNSCA) conjugated through the Cys residue (C) to KLH as immunizing hapten. Although Ab9E10 recognizes the EQKLISEEDL sequence from the human c-myc protein [35] in solution or when linked to the carrier, this peptide could have folded into the tertiary structure of the carrier, thus diminishing the capacity of these antibodies to strongly bind the c-myc peptide. In independent experiments, our group used other commercial anti-c-myc antibodies with the c-myc-olfactory receptor nanovesicles which yielded a lower affinity than Ab9E10 (not shown).
In order to improve detectability, we evaluated the effect of several physicochemical factors (such as pH, ionic strength, presence of Tween 20, as well as incubation and competition times) on the ELISA immunochemical assay with the result that only the ionic strength produced a significant effect (see ESI). Fig. 3A demonstrates how the standard curves built in PBT exhibited a notably higher signal. We therefore presumed that we had produced a highly sensitive and selective monoclonal antibody capable of detecting the c-myc tag in the nanomolar range. The capacity of Ab894D12 f7f9 to recognize the c-myc-OR1740 embedded in the NVresults was further confirmed by Western blot assays (Fig. 4). 
Development of an ELISA for c-myc-tagged transmembrane proteins
The protein receptor (OR1740) has been expressed in yeast plasma membranes [9] , a system considered suitable to achieve high protein expression [36, 37] . NVs were prepared from these cells as described in Section 2 and characterized in respect to their average size, concentration (NV mL −1 ), charge, and TPC. In this regard, we have previously demonstrated [30] that there is a correlation between TPC and NV concentration. We estimated that the NV batch used in this study had a protein content of 3.6 × 10 −4 pg NV −1 ( Fig. 1-S) .
As the NVs (diameter ≈ 100 nm) containing the c-myc-OR1740 were formed from natural membranes, they contain a high content of phospholipids that comprise the core structure of cell membranes. Our main concern was therefore the potential non-specific interactions of the lipophilic NVs with the immunoreagents or the labware used in the assays. In order to assess these potentially undesirable effects, we built calibration curves on solutions of blank matrices and compared the immunochemical response to the curve prepared using buffer. These blank matrices were solutions of different concentrations of NVs (different TPC) prepared under the same conditions, but carrying another transmembrane receptor (SSTR2) without the c-myc tag. The response of the calibration curves built from these blank matrices (3-60 g mL −1 TPC or 4.40 × 10 9 − 8.80 × 10 10 NV mL −1 ) did not differ significantly from the curve prepared using buffer (Figs. 3B and 2-S). Only solutions with a high TPC concentration (60 g mL −1 ) yielded a slight decrease of the maximum absorbance leaving the detectability unaffected. This effect could be eliminated by simply diluting the solution 1:2 (to 20 g mL −1 ) with PBT. As a result, the developed microplate-ELISA performed well on such media, despite the lipidic nature of the membrane components. The analytes used in our experiments to determine the matrix effect of the NVs were 3 C 1 -M(CH 2 ) 2 CO-BSA and 4 C 1 -M(CH 2 ) 2 CO-CONA (Fig. 2-S) . Both bioconjugates were selected because they mimic the orientation of the c-myc peptide on the surfaces of the NVs.
The identification of a suitable reference for quantifying the cmyc-ORs on the NVs remains an important challenge. Since this tagged receptor is stable only when incorporated on membranes, a well-characterized NV with a defined number of OR molecules would be the ideal standard. The lack of analytical tools to characterize the NV from this point of view has made this approach unfeasible until now. In this study, we proposed the use of wellcharacterized c-myc-biconjugates as standards rather than the c-myc peptide alone, since the former is better at mimicing c-myc-OR1740. By using a C 1 -Y-X bioconjugates, in which the c-myc was coupled through the N-terminal amino acid of the protein, the cmyc epitopes will be exposed for antibody recognition in a similar manner as the c-myc-OR in the NVs (Fig. 1) .
We assessed the immunochemical response of three wellcharacterized bioconjugates with the lowest immunochemical assay detectability, IC50, ( 4 C 1 -M(CH 2 ) 2 CO-CONA, 3 C 1 -M(CH 2 ) 2 CO-BSA, and 1 C 1 -M(CH 2 ) 2 CO-HRP, Table 5 -S) including c-myc-OR in the NVs (Fig. 2A.II and A.III) . For this purpose, calibration curves of bioconjugates were prepared in the blank matrix and results were ). Each curve was built using three-well replicates. The parameters shown in Table 2 were extracted from the four-parameter equation used to fit the standard curves.
analyzed using the developed microplate ELISA. In these experiments, a C 2 -CH 2 CO-bioconjugates were used as coating antigens since they provided greater detectability (Table 4 -S) due to the greatest heterology in respect to the immunogen (different crosslinker). The detectability achieved for the c-myc-bioconjugates was in the low nM range (IC50 = 0.083-0.386 nM) for all cases (Figs. 3C and 3-S, Table 2 ). As expected, the immunochemical response was different, depending on the protein used and on the hapten density of each bioconjugate. Thus, the HRP bioconjugate with only one hapten attached, provided an indication of the lower detectability, while no significant differences were observed between the BSA and CONA bioconjugates. Controls using the maleimido-derivatized proteins as analytes demonstrated that the response was only due to the c-myc peptide. There was no interference from the cross-linker that had also been used for the preparation of the immunogen (Fig. 4-S ) since no inhibition curves had been obtained.
Olfactory receptor quantification
Solutions with different concentrations of c-myc-OR1740-NVs (in PBT) were measured using standard curves prepared with the three peptide-protein bioconjugates in the blank matrix mentioned above. First, as proof-of-concept, we tested the viability of the approach by quantifying the c-myc hapten load of c-myc protein bioconjugates (see ESI and Table 8 -S). Only those NV solutions Nanovesicles carrying SSTR2 receptors were used as negative control (−). Nanovesicles carrying c-myc-OR1740 were used as evaluation sample (+). The monomer olfactory receptor molecular weight is ∼35 kDa [38] .
(TPC = 25-45 g mL −1 ) providing an immunochemical response within the lineal range of the assay (between 20 and 80% of the maximum absorbance on each of the three bioconjugate calibration curves) were used for quantization of the sample. The resulting immunochemical response (Table 3) was, as expected, very similar for the CONA and BSA bioconjugates and higher for the HRP bioconjugate, since the detectability provided by the latter is lower (a particular absorbance value is given by higher concentration values than for the other bioconjugates). By deconvoluting the concentration values found on the three calibration curves and taking into consideration the NV concentration (as described in Section 2 and Fig. 1-S) , we found that our preparations contained approximately (2.8 ± 1.1) c-myc-OR1740 per NV.
Furthermore, the ORs quantification in one nanovesicle presented above has been compared with the quantification of solubilized ORs by the protein purification technique, a standard well-known experimental procedure based on solubilizing all the proteins from the yeast lipid membranes with a detergent and purifying the c-myc-ORs onto an affinity column with an anti-c-myc antibody (see ESI).
Subsequent absorbance quantification of the eluted purified receptors gives (0.0030 ± 0.0005) g c-myc-OR1740/g total proteins. Considering the molecular weight of the receptor (∼35 kDa), there are 5,2 × 10 16 OR/g total protein.
We can estimate the coherence of the values obtained from an easy theoretical quantification. The membrane volume necessary to form a 100 nm diameter-NV with a width of around 7.5 nm [39] is around 202,043 nm 3 ; the S. cerevisiae membrane protein density reported in the literature [40] is 1.15-1.17 g cm −3 and its membrane cell composition (total protein composition) [41] is 49.3 g TP in 100 g of membrane; and finally, the recombinant GPCR expression level in this yeast host system is 0.003 gr OR for gr of total protein content. So, the theoretical estimated quantification of OR per NV expected would be around 6 (Eq. (4) 
Thus, the quantification value obtained by the ELISA method, (2.8 ± 1.1) c-myc-OR1740 per NV, can be explain assuming that 50% of the ORs expressed on the NVs were oriented with the N-terminus (the c-myc tag) outside the membrane due to the nanovesicles fabrication process.
At this point, and to our knowledge, we can confirm that the quantification of receptors per NV using the ELISA method, as demonstrated in this study, is the best approach available today for the characterization of these preparations in a more accurate manner.
Conclusions
The novel immunochemical method described here has the capacity to quantify the number of olfactory receptors per NV in preparations of c-myc-transmembrane proteins embedded in such vesicles. We demonstrated the feasibility of this approach by using chemically prepared c-myc peptide-protein bioconjugates. The hapten density estimated from the immunochemical response of these bioconjugates using ELISA was very similar to that obtained by MALDI-TOF-MS. We used ELISA to measure NVs prepared from yeast expressing the human c-myc-OR1740 (c-myc-GPCR) which yielded a value of (2.8 ± 1.1) OR molecules per NV for the number of olfactory receptors embedded in the NVs. The possibility to obtain this parameter will allow for a much more accurate characterization of these preparations and highlight the expected biofunctionality. These findings are highly relevant for the continuing development of drug-screening platforms that use these bioreceptors as target biomolecules. The immunochemical method developed here, represents an innovative approach to determine the expression of membrane protein receptors in their natural environment without the need to isolate and purify them. This novel technique could also be applied in multiple fields, since the analysis of c-myc-tagged molecules, especially membrane proteins, continues to be a challenge in biology and biomedicine.
